Temporal and Spatial Development of Sorghum Anthracnose in Arkansas
Yonghao Li and David O. TeBeest, Department of Plant Pathology, University of Arkansas, Fayetteville, AR 72701 Sorghum (Sorghum bicolor (L.) Moench) is one of the major food crops, particularly in areas of high temperature and low rainfall, and is ranked fifth in importance among the world's cereals (17) . Sorghum anthracnose, caused by Colletotrichum sublineolum Hann. Kabát et Bub. (syn. C. graminicola (Ces.) G.W. Wils.), remains one of the most important diseases and is crop-limiting in some sorghum production areas (12, 29) . Estimated grain sorghum losses caused by anthracnose were about 50% on susceptible cultivars (28) (29) (30) . Sorghum anthracnose has been an important disease in Arkansas since 1988 (9) . Moore et al. (19) recently described the existence of several additional pathotypes of C. sublineolum that were virulent to most differentials in Arkansas.
Sorghum residues on the soil surface have an important role as a source of primary inoculum (1, 6, 7, 13) . Infected seeds with visible acervuli are considered to be another important source of primary inoculum (5, 26) . Conidia produced on diseased plants serve as secondary inoculum within fields. Secondary inoculum is dispersed by rain-splash to susceptible host tissues. The disease spreads from foci up to 3.25 m at the 13-to 14-leaf stage and up to 9.75 m at physiological maturity (23) . The disease is most severe during extended periods of cloudy, warm, humid, and wet weather, especially when these conditions occur during the early grain-filling period (12) . Ngugi et al. (20) reported that sorghum anthracnose developed slowly before anthesis and increased rapidly during the grain-filling stage in Africa, and disease progress curves were best described by a logistic model.
One purpose for studying plant disease epidemiology is to understand dynamics of diseases in time and space as the result of the interactions of host, pathogen, and environment (4) . The epidemic onset, infection rate, time at inflection point, final amount of disease, and area under disease progress curve (AUDPC) have been used to compare and evaluate disease management strategies including the use of fungicides, cultural practices, or resistant cultivars (15, 20, 21, 25, 27, 28, 34) . In this regard, Ngugi et al. (20) reported that there were significant differences in time of inflection point, disease onset, absolute rate, disease severity, and upper asymptote values for sorghum anthracnose epidemics caused by unknown field isolates among sorghum cultivars in Kenya. AUDPC values have also been used to compare resistance to sorghum anthracnose among sorghum genotypes (15) . Quantitative analyses of disease gradient were used to investigate inoculum sources, determine the spatial effects of host resistance, test models of disease spread, and identify plot sizes and spacing that would decrease interference to acceptable levels in field experiments (18, 24) . Similar studies have not been conducted in Arkansas or the United States.
The objectives of this study were to quantify disease progress and the dispersal gradients of sorghum anthracnose in Arkansas caused by three isolates from selected pathotypes of C. sublineolum on three specific grain sorghum hybrids or breeding lines known to have different levels of resistance to the three pathotypes of the pathogen and to evaluate selected parameters for comparison of host resistance in the field.
MATERIALS AND METHODS
Experimental design. Field plots were established in 2001 and 2002 at the Main Experiment Station of the University of Arkansas at Fayetteville. Three sorghum cultivars, 'BTx623', 'Pioneer 8313', and 'Cargill 888Y', were planted in a randomized complete block design with four replications. Each plot consisted of ten 5-mlong rows with 1-m space between rows. Two rows of sorghum-sudan grass were planted between blocks and on the borders of the fields to reduce interplot interference. Approximately 140 sorghum seeds were planted in each row within plots on 9 May 2001 and 7 May 2002, respectively. To control weeds in the field plots, the herbicide atrazine was applied prior to emergence at a rate of 1 lb/A. Seedlings were thinned to 10 to 15 cm apart at the four-to five-leaf stage, and any surviving weeds in the plots were removed by hand.
Inoculation. Three strains (T-430SW, Ar54-SW, and ArSS-1-SW) of C. sublineolum were used in the experiments. These strains were deposited in cryostorage facilities in the Department of Plant Pathology at the University of Arkansas, Fayetteville, by Ware (31) . T-430SW and ArSS-1SW were both identified as pathotype 4, while Ar54-SW was shown to be pathotype 0 as described by Moore et al. (19) , since it was not virulent to the eight differential lines previously used to describe pathotypes (5, 9) . The virulence of each of the isolates was re-examined at the conclusion of this study, and all isolates were found to be consistent with the above descriptions. All isolates were deposited in the collection in the Department of Plant Pathology at the conclusion of this study and after pathotyping.
Grain inoculum of the three strains was prepared by washing sorghum seeds in Development of sorghum anthracnose in time and space on susceptible ('BTx623' and 'Pioneer 8313') and resistant ('Cargill 888Y') sorghum (Sorghum bicolor) cultivars was investigated in field plots inoculated with a mixture of three strains (T430-SW, Ar54-SW, and ArSS-1SW) of Colletotrichum sublineolum in 2001 and 2002. After slow development during early growth stages, sorghum anthracnose developed rapidly after flowering. The logistic model provided a good statistical fit for disease progress curves for sorghum anthracnose in Arkansas. Compared to susceptible cultivars, the resistant cultivar had significantly lower values for the standard area under the disease progress curve, a lower upper asymptote, and delayed epidemic onset. However, there were no significant differences in infection rate and the time of the inflection points, the times at which the disease proportion equaled values of one-half of upper asymptotes, among the three cultivars. The negative exponential model more closely described disease gradients of sorghum anthracnose than the inverse power law model. There were significant differences in intercepts but not in slopes and half-distance between the resistant and susceptible cultivars. The slopes of disease gradients were significantly lower at 78 days after inoculation (DAI) than at 57 DAI on the three cultivars. The results could provide epidemiological components of sorghum anthracnose to help evaluate sorghum cultivars and breeding lines under field conditions. water to remove dust and residue, dispersing the seeds into 1-liter flasks (400 ml of seed per flask), and adding 25 ml of water per flask. Flasks containing sorghum seeds were autoclaved twice at 48-h intervals, and then inoculated separately with five culture pieces (0.25 cm 2 ) taken from 20-day-old cultures of the three strains grown on yeast-potassium-starchsulfate (YPSS) agar medium (4 g of yeast extract, 1 g of K 2 HPO 4 , 15 g of soluble starch, 0.5 g of MgSO 4 , and 16 g of agar per liter). Flasks were incubated at room temperature and shaken by hand at 2-day intervals beginning 1 week after inoculation. After 4 weeks, colonized sorghum seeds were removed from flasks, air-dried at room temperature for a week, and stored in paper envelopes at room temperature.
To inoculate the field plots, six colonized seeds (2 seeds for each strain) were placed in the leaf whorl of all plants in row two of each plot at the elongation stage on 3 and 11 July in 2001 and 2002, respectively. These inoculated plants served as the only source of inoculum in each plot. After inoculation, plots were irrigated with an overhead sprinkler irrigation system immediately for 2 h and irrigated for 2 h twice a week whenever it did not rain during the week.
Disease assessment. To analyze disease progress over time, nine randomly selected plants in row three (1 m from the inoculated row) in each plot were marked at 11 days after inoculation (DAI), and the disease severity on five leaves downward from the flag leaf of each plant was assessed using a 0 to 6 scale (0 = no disease; 0.1 = less than 0.5% of diseased area; 0.5 = 0.5 to 1%; 1 = 1 to 5%; 2 = 5 to 15%; 3 = 15 to 30%; 4 = 30 to 50%; 5 = 50 to 75%; and 6 = 75 to 100%) at 5-to 10-day intervals. Assessments were made 11 times from July to September in both years. For the precision assessment of disease severities, a single rater collected all data during the entire experiment. Before the disease progress analysis, the data were transformed to the midpoint of disease severity for each scale and averaged for each cultivar at each sampling date.
To analyze disease gradients, disease severity on nine randomly selected plants in each of rows 2, 3, 5, 7, and 9 (equivalent to 0, 1, 3, 5, and 7 m from the inoculum source, respectively) were assessed and transformed as described above at 57 and 78 DAI in both years. , the mean square error (MSE), and patterns of residual plots were used to evaluate the appropriateness of the models to describe the observed data. Although the models tested were similar to each other in their description of disease progress, all were less appropriate than the logistic model that was chosen for estimation of epidemic parameters.
The least-squares program for nonlinear model (NLIN) procedure of SAS software (Version 8, SAS Institute Inc., Cary, NC) was used to obtain estimates of parameters from the nonlinear form of the logistic model (equation 1). In this equation, y is the disease proportion at time t; k is the upper asymptote of the disease progress curve; y 0 is the initial disease proportion; r is the apparent infection rate; and t is the time of disease assessment in DAI.
The time at y = k/2, or inflection point (t ip ), and the time at y = 0.02, or epidemic onset (t 0.02 ), were estimated with the three parameters (k, y 0 , and r) using equations 2 and 3, respectively, which were derived from equation 1. (6) in which t i is the time at ith observation, t i+1 is the time at (i + 1)th observation, y i is the disease severity (%) at ith observation, y i+1 is the disease severity at (i + 1)th observation, t 1 is the time at the first observation, and t n is the time at the last observation. The effects of blocks and cultivars on sAUDPC were determined by analysis of variance (ANOVA) using the GLM procedure of SAS software, and mean separations for sAUDPC were conducted using the least significant difference (LSD) test at P = 0.05. For analysis of disease development in space, mean disease proportion values at each distance for each cultivar were transformed using the negative exponential (equation 7) and inverse power law (equation 8) models (4), respectively. ln(y) = ln(a) -bd (7) ln(y) = ln(A) -b ln(d) (8) in which y is the disease proportion at distance d, d is the distance from the source of inoculum, b is the slope of the disease gradient, e is the base of natural logarithms, a is the disease proportion at the source point, and A is the disease proportion at one unit of distance from the source (equation 2). R 2 , MSE, patterns of residual plots, and the standard errors associated with the parameter estimates were used to evaluate the appropriateness of the models to describe the observed data. After selection of the most appropriate model, fit was tested for a series of models using the average disease proportion for each cultivar, which allowed differentiation of intercepts and slopes for each of the six dates by cultivar combinations. Depending on the results of the initial fit, additional models were fitted which put restrictions on the slopes and the intercepts. Final estimated parameters were compared using single degree of freedom contrasts. The half distance (d 50% ), at which the disease proportion declined to 50% of that at the source (y = a/2), from the negative exponential model was estimated using equation 9, which was derived from equation 7.
d 50% = 0.6931/b (9) To compare d 50% among cultivars, variances for d 50% were approximated by equation 10:
in which, s 2 (b) is the variance of estimated slope of disease gradient. The differences in d 50% among cultivars and sampling dates were compared using the two-sample t test at P = 0.05.
RESULTS
Disease progress curves, plotted as disease proportion against days after inoculation, showed that epidemics of sorghum anthracnose in the rows that were adjacent to inoculated rows began about 40 to 45 DAI (flowering stage in mid-August), although lesions appeared in the inoculated rows at 10 DAI. The disease developed rapidly from 50 to 80 DAI (from the end of flowering to grain-filling stages) on BTx623 and Pioneer 8313, while the disease severity on Cargill 888Y remained low during the entire season (Fig. 1) . Based on R 2 , MSE, and patterns of residual plots, the logistic model provided excellent approximations for the disease progress data. Fitted curves closely resembled plots of the actual data and the approximate coefficient of determination (R 2 ) values were above 0.99 (Fig. 1) .
The effects of cultivars on values of k and t 0.02 in disease progress were constant in 2 years (Table 1 ). The susceptible BTx623 and Pioneer 8313, had significantly higher values of k and earlier t 0.02 than the resistant Cargill 888Y. No significant differences in k and t 0.02 were found between the two susceptible cultivars (Table 1). However, the effects of cultivars on r and t ip as estimated by the logistic model were not constant and were not related to observed differences in resistance among the cultivars in 2 years. In 2001, r was not significantly different among cultivars. Infection rate for the resistant cultivar was significantly higher than for the susceptible cultivars in 2002. The t ip for the resistant cultivar was significantly later than for Pioneer 8313, but not significantly different from that for BTx623 in 2001. However, Cargill 888Y had significantly earlier t ip than BTx623 and Pioneer 8313 in 2002 ( Table 1) .
The results of ANOVA showed that cultivars significantly affected the sAUDPC values of sorghum anthracnose in both 2001 (P = 0.0215) and 2002 (P < 0.0001). The results of mean comparisons showed that sAUDPC values on BTx623 or Pioneer 8313 were 20-fold greater than those on Cargill 888Y. There were no significant differences in sAUDPC between BTx623 and Pioneer 8313 in both years (Table 2) .
In results of linear regression statistics using R 2 and MSE, the negative exponential model was more appropriate in describing disease gradients of sorghum anthracnose than the inverse power law model in both years. Results of analyses using the negative exponential model showed that intercepts depended on both dates (P < 0. (Fig. 2) . The results of comparisons for estimates from disease gradient models using linear contrasts (Table 3) showed that cultivars BTx623 and Pioneer 8313 had significantly higher intercept values than Cargill 888Y in two sampling dates and 2 years, and the values of intercepts for all cultivars at 78 DAI were significantly higher than those at 57 DAI in both years. The slopes and half-distance values for all cultivars at 78 DAI were significantly shallower and shorter than those at 57 DAI, respectively, in both years (Table 3) .
DISCUSSION
These results are the first report of temporal development of sorghum anthracnose in Arkansas and in the United States. The results are similar to the results reported by Ngugi et al. (20) on sorghum anthracnose in Kenya. A significant difference between our research and that of Ngugi et al. (20) is that we described the development of anthracnose on three hybrids with known levels of resistance and used three isolates from known pathotypes. In the present study, sorghum anthracnose increased rapidly from 40 DAI (mid-August) in rows that were adjacent to inoculated rows. Although there were lower final disease severities in 2002 than in 2001, the disease progress curves for the three cultivars fit the logistic model well in both years.
The upper asymptote (k) is the estimated capability of disease epidemics, and the k value is the result of the interaction of host resistance, pathogen variance, and environment (33). The negative relationship of upper asymptote and disease resistance has been previously reported for sorghum anthracnose (20) . In the present study, Cargill 888Y had significantly lower k values estimated from the logistic model than BTx623 or Pioneer 8313 did, suggesting that reducing epidemic capability may be an important trait of the resistance in Cargill 888Y.
Epidemic onset is an important parameter to compare the overall effects of host resistance on disease development for Cylindrocladium black rot (8) and sorghum anthracnose (20) . In the present study, the delayed epidemic onset (about 40 DAI) in rows that were adjacent to inoculated rows suggests that several disease cycles were needed to accumulate a sufficient amount of inoculum for disease dispersal. An additional and significant delay of the epidemic onset on Cargill 888Y (63.2 and 70.8 DAI) indicates that more time is needed for the production of a sufficient amount of inoculum on the resistant cultivar than on susceptible cultivars. These results also suggest that the t 0.02 value is a useful epidemic characteristic in evaluating the level of resistance to sorghum anthracnose in fields as previously showed by Ngugi et al. (20) .
Infection rate is considered to be a useful parameter for quantitative assessments of the effects of treatments and rapid comparisons of epidemics (34) . But infection rate in the logistic model can be less sensitive than other parameters for some treatments (14, 20) . Campbell (3) stated that it is not possible to simply compare rate parameter values if estimates of k vary among individual disease progress curves. In the present study, the different results of comparisons of the estimated r from the logistic model among cultivars could be due to large differences in upper asymptotes since they were about 20 times greater for susceptible cultivars than for the resistant cultivar. Since the infection rate is the constant of proportionality rela- tive to upper asymptote of disease increase over time (34) , the rate of disease increase will be given different meanings when k values are different. Each analytical method is best suited to answer specific questions about the epidemics to be compared (3) . Comparisons of infection rates between disease progress curves should be conducted under the situations with the same or similar k and y 0 . The inconsistent results of the time of inflection point in the present study indicate that the incomparability of infection rates due to the big difference in k may influence the value of t ip estimated from k, y 0 , and r.
The results of comparisons of sAUDPC indicated that resistance in Cargill 888Y decreased the values of sAUDPC compared with susceptible BTx623 and Pioneer 8313. AUDPC values appeared to be more constant, reasonable, and easy to interpret since the AUDPC value incorporates the influence of the time of epidemic onset, rate of disease progress, and final disease severity (27, 33) . AUDPC values have been widely used to evaluate disease resistance (4, 22, 25) . The advantage of AUDPC is that it can be used to compare and analyze disease epidemics that are not appropriately described using growth models. This is the first detailed report on the quantitative analysis of disease gradients of sorghum anthracnose. Our results support a previous report that the negative exponential model outperformed the inverse power law model in fitting disease gradients of rain-splash diseases (4). However, disease intensity was underestimated at the inoculated rows and at 7 m from the source, and was overestimated in the middle parts of the observed distance. This may be due to the higher disease severities in the inoculated rows that resulted from higher inoculum pressures and more conidia dispersed on the same leaf or the same plant. Significantly lower slopes at 78 DAI than at 57 DAI may be explained by the secondary spread of disease and increases in distance resulting from additional pathogen generations (11, 16) , and also from restricted increases of disease severity at the source when the disease approached maximum in the negative exponential model (15) . Fitt et al. (11) reported that half-distances ranged from 6 to 16 cm for splash-borne organisms in rain tower experiments. Pande et al. (23) observed that sorghum anthracnose spread from foci up to 9.75 m at physiological maturity. In the present study, disease severity on susceptible cultivars reached 65% at 7 m from the initial inoculum source. The half-distance estimated from the negative exponential model for sorghum anthracnose was about 1.5 m at 57 DAI and 3.3 to 4.5 m at 78 DAI in the present study. Rainfall and wetness duration are critical factors for sorghum anthracnose development (12, 23) and sporulation on lesions (10) . Nonetheless, use of overhead sprinkler irrigation in our experiments might have favored sporulation and dissemination of inoculum and caused the disease gradient to flatten more quickly.
Resistance to sorghum anthracnose in grain sorghum is considered to be nonspecific (2), although pathotypes of the pathogen are described by reaction to eight differential breeding lines (5) . Using these criteria, Dale et al. (9) previously identified pathotype 4 in Arkansas. More recently, however, Moore et al. (19) reported that a number of new and highly aggressive pathotypes are now present in Arkansas virulent to grain sorghum. Additional research is needed to determine whether these strains and pathotypes develop as mixed populations on different grain sorghum hybrids and breeding lines or whether some strains and pathotypes become dominant during the development of an epidemic as described by Yang and TeBeest (32) on northern jointvetch. 
